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Abstract 22 
A defining feature of dentitions in modern sharks and rays is the 23 
regulated pattern order that generates multiple replacement teeth. 24 
These are arranged in labio-lingual files of replacement teeth, that form 25 
in sequential time order both along the jaw, and within successively 26 
initiated teeth in a deep dental lamina. Two distinct adult dentitions 27 
have been described; one as alternate, in which timing of new teeth 28 
alternates between two adjacent files, each erupting separately. The 29 
second is different, arranged as single files, where teeth of each file 30 
are timed to erupt together, in some taxa facilitiating similarly-timed 31 
teeth to join to form a cutting blade.  Both are dependent on 32 
spatiotemporally regulated formation of new teeth.  33 
The adult Angel shark Squatina (Squalomorphii) exemplifies a 34 
single file dentition, but we obtained new data on the developmental 35 
order of teeth in the files of Squatina embryos, showing alternate 36 
timing of tooth initiation. This was based on micro-CT scans revealing 37 
that the earliest mineralised teeth at the jaw margin and their 38 
replacements in file pairs (odd and even jaw positions) alternate in 39 
their initiation timing.. 40 
Along with Squatina, new observations from other squalomorphs 41 
such as Hexanchus and Chlamydoselachus, together with 42 
representatives of the sister group Galeomorphii, have established that 43 
the alternate tooth pattern (initiation time and replacement order) 44 
characterises the embryonic dentition of extant sharks, but this can 45 
change in adults. These character states were plotted onto a recent 46 
phylogeny, demonstrating that the Squalomorphii shows considerable 47 
plasticity of dental development.We propose a developmental-48 
evolutionary model to allow change from the alternate to a single file 49 
alignment of replacement teeth. This establishes new dental 50 
morphologies in adult sharks from inherited alternate order.  51 
 52 
Introduction 53 
In modern-grade elasmobranch fishes, Neoselachii (including all living 54 
sharks, rays and skates), replacement tooth positions along the jaw 55 
have been described as two distinct arrangements, single file or 56 
alternate file (e.g. Reif 1980; Smith et al. 2013; Underwood et al. 57 
2015; Fig. 1A, C), or modifications of these basic patterns, to produce 58 
for example, a single cutting blade of imbricated teeth across the jaw 59 
(Strasburg 1963; Underwood et al. 2015). During development, an 60 
asynchronous timed series of tooth germs is initiated along the jaw 61 
(Smith et al. 2009), at alternate positions, as labio-lingual files of 62 
replacement teeth (Figs. 1D, 2). In this arrangement of replacement 63 
teeth, two adjacent files form (Smith 2009; Smith et al. 2013, fig. 1, 64 
2), from the first rudimentary teeth, as sequentially added teeth (SAT 65 
unit), proposed as a clonal unit of differentially timed teeth (SAT unit 66 
of tf 6+7, Fig. 2). In these, timing and position alternate within each 67 
pair of tooth files (tf 6+7) to provide closely spaced teeth in 68 
alternately timed labio-lingual addition (Fig. 1B). Each pair of files are 69 
added disto-proximally along the jaw (Fig. 2, 1-12), developmentally 70 
linked as iteratively timed ‘SAT units’ (Fig. 2, stages 1-9; Smith 2003; 71 
Smith et al. 2013: figs 1A, 2), so that in the adult teeth erupt at 72 
different times.  By comparison, the single file arrangement in the adult 73 
is composed of teeth in adjacent files at the same developmental 74 
phase, recognised by the youngest teeth being at the same stage of 75 
development and the oldest at the same position relative to the jaw 76 
margin, erupting together (Fig. 1A). In this arrangement, timing of 77 
eruption at the jaw margin could be either as single teeth or, as 78 
simultaneous for all teeth forming a blade (Fig. 1A; Underwood et al. 79 
2016), and as alternate teeth (Fig. 1B). Dentitions may also have 80 
disto-proximally staggered times (Fig. 2, 1-12), and many rows of 81 
erupted (functional) teeth together (Fig. 1C). Until recently, it was 82 
unclear how these different adult morphologies developed and if 83 
neoselachian dentitions showed developmental plasticity, through 84 
transformation of tooth order from embryo to adult, and whether 85 
alternate or single file addition is the primitive state for skates and 86 
rays 87 
Within the Batoidea (skates and rays), the sister group to modern 88 
sharks (Squalomorphii + Galeomorphii, Fig. 3), both embryos and adults 89 
possess the alternate pattern for arrangement of successor teeth. 90 
Within many batoids teeth in alternating order are close packed, 91 
forming continuous surfaces, for crushing dentitions (Underwood et al. 92 
2015). In sharks, all members of the Galeomorphii so far studied 93 
(Carcharhiniformes, Orectolobiformes and Heterodontiformes; see 94 
Smith et al. 2013; Fig. 1B, D) have alternate tooth replacement in 95 
adults, from alternate developmental order in embryos. The status of 96 
the Lamniformes has been considered as uncertain (Smith et al. 2013). 97 
In Squalomorphii, many taxa have distinctive single-file successor teeth 98 
demonstrated to be the result of developmental modification of an 99 
embryonic alternate pattern (Underwood et al. 2016; Fig. 1A). The 100 
alternate pattern can also be present in the upper jaw, or both jaws, as 101 
an example of developmental independence (plasticity) of upper and 102 
lower jaws, as in Hexanchidae (lower dentition single file, but alternate 103 
pattern in the upper jaw and teeth that lie closest to the jaw hinges). 104 
Several other clades of squalomorph sharks appear to have single 105 
file tooth replacement order in adults, with well-spaced tooth files, 106 
including Squatina (angel shark), the Hexanchidae (six and seven gilled 107 
sharks), and Chlamydoselachus (frilled shark), as well as the 108 
Lamniformes within the Galeomorphii (Mako, Thresher and White sharks 109 
and relatives), but in each case their developmental order is unknown. 110 
Our study of the embryonic and adult dentitions of Squatina, along 111 
with examination of dentitions of Hexanchus, Chlamydoselachus and 112 
Isurus (Galeomorphii), allows the early stages of tooth development to 113 
be compared, and contrasted with the embryonic alternate patterning 114 
in Heterodontus (Heterodontiformes), as detailed by Reif (1976). 115 
These data are used to explore the hypothesis that the alternate 116 
pattern can be transformed into single-file during development both 117 
through alteration of tooth germ timing and loss of individual tooth 118 
files, with these being two different potential mechanisms for 119 
evolutionary transformation. We propose that the alternate addition of 120 
teeth is plesiomorphic for the Neoselachii, retained in embryonic and 121 
adult rays, and present in fossil relatives, but can be modified to single 122 
file from the embryonic condition in some adult sharks (Galeomorphii 123 
and Squalomorphii). Embryonic Squatina is an excellent model to test 124 
this hypothesis in squalomorphs along with Chlamydoselachus and 125 
Hexanchus as basal members of the group (Fig. 3) all with putatively 126 
single file dentitions in the adult. 127 
To determine the plesiomorphic state, fossils of taxa closely 128 
related to extant sharks and rays were studied, including Acrodus 129 
(Hybodontoidea) and Synechodus. The phylogenetic relationships of 130 
Synechodus are uncertain (Maisey 1985; Klug 2010; Fig. 3, where 131 
‘Neoselachii’ includes Synechodus + Elasmobranchii), although it shares 132 
many characters with extant sharks and rays, including that of a 133 
complex tooth histology (e.g., Enault et al. 2015). These two taxa 134 
were investigated with the aim of testing whether the alternate 135 
arrangement of teeth in adults is the basal state for modern sharks as 136 
well as rays (Fig. 3), and where clades with the derived state (single 137 
file replacement) occurred on the phylogeny.   138 
 139 
Materials and methods 140 
Materials 141 
Wet specimens 142 
Squatina californica, embryo (Natural History Museum, Life Sciences 143 
collection, BMNH 91.5.19.240) 144 
Isurus oxyrhinchus, embryo (BMNH 1961.11.2.3) 145 
Chlamydoselachus anguineus, adult jaw (BMNH 2016.4.11.1) 146 
Lamna nasus, adult head, jaw sections (BMNH 2015.3.13 1-3) 147 
Hexanchus sp. (?H. nakamurai), embryo (BMNH 1973.7.12.4-6) 148 
Fossil specimens 149 
Synechodus dubrisiensis, jaw (Booth Museum, Brighton, BMB 008523) 150 
Acrodus anningae, jaw (Natural History Museum, Earth Sciences 151 
collection, NHMUK PV P2732) 152 
Dried specimens (Birkbeck reference collection) 153 
Squatina spp. (Squatina guggenheim, S. argentina, S. tergocellata, 154 
S.?caillaiti ) 155 
Echinorhinus brucus 156 
Hexanchidae (4 species; Hexanchus griseus, H. nakamurai, Heptranchias 157 
perlo, Notorynchus cepidianus) 158 
Lamniformes (8 species; Lamna nasus, Isurus oxyrinchus, 159 
Pseudocarcharias kamoharai, Carcharias taurus, Odontaspic ferox, 160 
Alopias pelagicus, A. superciliosus, A. vulpinus. 161 
Cleared and stained specimens 162 
Chlamydoselachus anguineus embryos and juvenile (Nos. 1984/5/6/6, 163 
1984/9/2/3, and 1985/5/3C: TL 28.6cm; 40.1 cms). These were 164 
stained with Alizarin red, Alcian blue, from the Tokai University 165 
Museum, Shimizu, Japan (TMFE), courtesy of Sho Tanaka, also studied 166 
(Nos. 1984/5/6/6, 1984/9/2/3, and 1985/5/3C: TL 28.6cm; 40.1 167 
cms).  168 
Methods 169 
Imaging 170 
We used x-ray computed tomography to examine the head region of 171 
whole embryos (micro-CT, Nikon Metrology HMX ST 225, Image and 172 
Analysis Centre, Natural History Museum, London (NHM)) to visualise 173 
the teeth present within the jaws of specimens, especially the earliest 174 
teeth (mineralised cusps) from the 3D volume rendered models. 175 
Photomacrographs were taken using a Nikon Coolpix camera in natural 176 
light; drawings made with the software ‘Inkscape” and the X11 Window 177 
System. 178 
Terminology 179 
For use of directional terms such as distal and proximal, see 180 
Underwood et al. (2016). The systematic terminology follows 181 
Compagno (1973, 1977) and Nelson (2006). 182 
Measurements 183 
In embryonic Squatina, measurements were taken when the first 184 
initiated teeth are set iteratively along the jaw (Fig. 4, 1-8, distal to 185 
proximal) with 3-4 labio-lingual successive teeth and none shed from 186 
the jaw margin (Figs. 4, 5, stage 1, 2, 3). We compared this data to 187 
embryos of Chlamydoselachus and Isurus (taxa also with apparent 188 
single file tooth replacement). We also investigated various adult 189 
galeomorph and squalomorph taxa, along with fossil dentitions, 190 
selected from key positions on a neoselachian phylogeny (Fig. 3).  191 
Tooth size was measured in two different ways, depending on the 192 
overall morphology of the tooth. The first focused on cusp height, as 193 
the distance between the tip of the central cusp to the crown/base 194 
boundary. Distances between the selected points were calculated using 195 
Avizo 9.2 software's measurement tools. A 3D rendered image was 196 
used for Squatina (embryo and adult) and Chlamydoselachus (adult) 197 
with the distance between the two points being recorded for each 198 
tooth in the file, starting at the first file next to the symphysis. Thus 199 
each tooth file includes separate measurements of tooth cusp height 200 
starting with the oldest tooth (labial) to the youngest developing 201 
mineralized tooth (lingual). 202 
The second method, where tooth file size differed along the jaw, 203 
as in the Isurus embryo, and the central cusp was asymmetric relative 204 
to the base, used a different approach. Here, tooth volume was 205 
estimated to overcome problems such as the wide range of 206 
asymmetrical variation of each tooth file (Fig. SI 4). Measuring volume 207 
required individually segmented tooth elements (Avizo 9.2), performed 208 
slice by slice, selecting mineralized regions of each tooth. A label 209 
analysis tool was then used to acquire an individual tooth volume 210 
metric (x mm3). 211 
Histograms (Figs. 5G-I, 6H; Figs. SI 4, 6) produced used a colour 212 
code indicate developmental order for each tooth; darker colours 213 
represent the oldest tooth, grading to the lightest colours for the 214 
developmentally youngest teeth. Also, within each tooth file, red and 215 
green represent odd and even tooth files respectively, beginning at the 216 
symphyseal region. 217 
 218 
Results  219 
Developmental interpretation of tooth replacement 220 
In chondrichthyans, the developmental dental lamina restricts tooth 221 
induction (odontogenic potential) to the tissues in the lamina (Reif 222 
1982; Smith et al. 2009, and references therein; Rasch et al. 2016; 223 
Martin et al. 2016), which is present along the lingual face of the jaw 224 
cartilage. Here, tooth files are established in the embryo from the 225 
initiator teeth ordered sequentially along the jaw margins, where 226 
morphogenesis gradually assumes the adult shape, and in the adult 227 
new teeth are continually initiated (Figs. 1B, D, 2, pg).  Because of 228 
this, developmental interpretations can be made from observations of 229 
static morphology, with teeth effectively suspended in a time 230 
sequence (Reif 1980, 1982). Hence the smallest, oldest teeth are at 231 
the jaw margin, while the newest teeth are in various stages of 232 
development deep in the lingual furrow (Figs. 1D, 2). Newest or 233 
youngest teeth are visible only as the mineralized central cusp tip, but 234 
in each tooth file they form in a sequentially timed developmental 235 
order with increasing morphological differentiation (e.g., cusps joined 236 
to base), to become the largest in the tooth file. These observations 237 
from tooth germs in the dental lamina can be used to assign relative 238 
timed order to sequential stages of the developing teeth within two 239 
adjacent files (Figs. 1D, 2, arrows).   240 
 241 
Squalomorphii 242 
Squatina embryonic dentition   243 
In embryos, as in adults, teeth were arranged in well-spaced single files, 244 
with 10 files in the upper jaw and 11 in the lower, in each half (Figs. 4, 245 
5, Fig. SI 2C). In the embryonic lower jaw, the youngest developing 246 
teeth occur lingually, as small cusps (no.8, Figs. 4, 5B, D, E, asterisks), 247 
with the oldest teeth labially, and towards the jaw symphysis. These 248 
have a single central cusp joined to a small tooth base (nos. 1&2 in 249 
Figs. 4, 5D). A single rudimentary symphyseal tooth is present in one 250 
specimen (red, Figs. 4, 5E, F), but was not observed in others. This is 251 
only present in the first tooth row, with subsequent rows lacking 252 
symphyseal teeth. When all tooth files along the jaw are established 253 
(disto-proximally, Fig. 4), it is apparent that the oldest (first) teeth are 254 
the smallest and nearest to the labial jaw margin, and located in even 255 
positions relative to the symphyseal tooth (Fig. 5, t1, t2, B, D). These 256 
teeth are about to erupt, or be shed (purple, Fig. 4; Fig. 5A, C, 257 
alternate pink). Thus, teeth in even number positions indicate the first 258 
initiation time in each pair of alternate files and of first loss from the 259 
jaw margin. Similarly, those at odd positions (Fig. 4, green) are the 260 
second teeth to be initiated; then alternate sequential tooth initiation 261 
within the pairs (odd and even files, Fig. 2) has occurred with the 262 
latest to form, the newest tooth germ, visible as a cusp tip (Figs. 4, 263 
5D no. 8, 5B, E, asterix).  264 
The first four teeth of the four files were compared, with the 265 
fourth still a developing tooth (Fig. 5G, I).  When represented as 266 
graphs comparing cusp volumes in rows parallel to the jaw margin, 267 
even number first teeth are smaller up to row three (green, Fig. 5H). In 268 
row 1, as noted, the first teeth are smallest in even number files (2, 4) 269 
representing the first to form. In row 4, all developing teeth have only 270 
the central cusp, in even number files (green) cusps are larger than 271 
odd, because these are the first file teeth to develop and are now 272 
further advanced morphologically at this stage of development (row 4, 273 
Fig. 5H).  274 
All teeth are central cusp aligned (Fig. 5C, short pink line), in 275 
progressive states of morphological development of central cusp and 276 
the tooth base in files numbers t1-7, t2-8 (Fig. 4). Each file contains 277 
four teeth, with two in the most proximal files (presumed newest files 278 
added proximally to the jaw, Fig. 4).  279 
 280 
Interpretation of developmental timing in embryonic tooth 281 
fi les - As described above, teeth in files 1 and 2 on the right lower jaw 282 
illustrate relative sizes and morphologies, and therefore developmental 283 
order of timing for sequential tooth addition, alternating between 284 
these files (Fig. 5B, D-F). The first tooth of the series is the most labial 285 
and smallest formed tooth with an attachment base; sequential 286 
addition starts from file 2 (Fig. 5B, t1-7), tooth number 1 being 287 
formed before the morphogenetic program was perfected (Fig. 5B, D, 288 
E).  The sequential time series ends with the newly initiated tooth tip 289 
of tooth number 8, as a mineralised but incomplete central cusp (Fig. 290 
5B, E, asterix). This alternate file developmental set represents the 291 
SAT unit (Fig. 2, sat. tf 6+7). A single file is equivalent to one even 292 
number set (Fig. 2, sat. tf2). Order of initiation (t1-8, Figs. 4, 5D) may 293 
also determine timing of shedding, as the labial positions of first teeth 294 
in each alternate file indicate an alternate shedding order (pink, Fig. 295 
5A, C). In each separate file central cusps are aligned (Fig. 5C, short 296 
pink line), also only alternate tooth cusps align along a straight disto-297 
proximal line along the jaw, showing that adjacent files are offset (Fig. 298 
5C, long pink line).  299 
 300 
Measurements of central cusp heights and alignment - 301 
Morphological evidence of progressive, developmental tooth order as 302 
clonal SAT units (paired odd and even files) was tested with 303 
measurements of tooth size, both along the jaw in rows parallel to the 304 
jaw margin, and within files (Fig. 5C, pink lines). These are represented 305 
as histograms (Fig. 5H, I) taken from tooth files 1-4 (alternate red and 306 
green, Fig. 5F, G vignettes of two alternate files). The comparative 307 
central cusp heights, represented by the graphs, confirm the smallest, 308 
complete first teeth are in the even number files (green, Fig. 5G, I), 309 
while the first tooth in odd number files is larger (red, Fig. 5H, row 1). 310 
When represented as graphs comparing cusp heights in rows parallel to 311 
the jaw margin, again even number first teeth are smaller up to row 312 
three (green, Fig. 5H); in row 4 teeth the central cusp is just 313 
developing and even numbers are larger than odd, because as these 314 
are the first of the teeth to develop they are further advanced in 315 
morphology at this stage of development (row 4, Fig. 5H).  316 
 317 
Adult jaws of Squatina guggenheim 318 
In the early adult dentition, occlusion of upper jaws with lowers shows 319 
teeth fitting between lowers, with teeth organized in widely spaced 320 
files along the jaw (Fig. SI 2B-D), so that tooth file spacing allows 321 
upper teeth to fit between lower ones.  From the relative cusp heights 322 
it appears that the alternate initiation of teeth seen in an embryo does 323 
not continue in the adult (Fig. SI 2F); measurements in the adult 324 
dentition were taken, as for the embryonic teeth, from the first teeth 325 
of each of four files; these showed little difference between alternate 326 
positions (the fifth and sixth teeth are smaller (partially developed) so 327 
cannot be compared with the four fully formed main cusp volumes). 328 
However, in proximal files closer to the jaw articulation (Fig. SI 2C, 329 
white box, D, file numbers 6-10), the position of the oldest teeth 330 
located at the jaw margins seems to alternate and suggests they still 331 
show different times of origination, as in the embryonic alternate 332 
developmental pattern.  333 
 334 
Other Squalomorphii 335 
Chlamydoselachus anguineus embryo and adult dentitions 336 
In the embryo, at the 4-tooth stage (Fig. 6A-D) teeth are superficial 337 
and encapsulated in individual sheaths of connective tissue, separate 338 
for each file (Fig. 6A, contrast enhanced density). A symphyseal file is 339 
fully expressed in the lower jaw (Fig. 6A, B), but absent in the upper 340 
jaw (Fig. 6C). In the dried specimen (Fig. 6B), the symphyseal file has a 341 
rudimentary single cusp tooth that is nearest of all files to the jaw 342 
margin, and as such is the initiator tooth of the lower jaw dentition, to 343 
either side is also a single cusp first tooth, each file then acquires 344 
morphological competence as three cusped teeth. This morphology 345 
(Fig. 6C-G) is demonstrated with calcium positive staining (red, Fig. 346 
6C-E) first as separate cusps (Fig. 6D, arrow, 6C), later joined to the 347 
base. In lower jaw files three and four (Fig. 6D), the smallest first tooth 348 
(oldest, asterix) is positioned in the even number file four, whereas, 349 
the third file first tooth is slightly larger (i.e. began developing later). 350 
The third and fourth teeth of file 4 have developing, mineralized cusps 351 
(4th tooth largest, as latest and most morphogenetic competence). 352 
These size differences in adjacent files suggest the presence of 353 
alternate tooth initiation timing. In the upper jaw at the four-tooth 354 
stage in each file, teeth are absent from the symphysis, the first tooth 355 
of each has only one cusp and the base has formed. Measurements of 356 
tooth sizes were not possible in these embryos, as they were only soft 357 
tissue preparations, or were long term fixed specimens and had lost 358 
mineral.  359 
The lower jaw of a more mature embryo has tooth files proximally 360 
that had not completed morphogenesis (Fig. 6E), as all files have a 361 
rudimentary first labial tooth, so the embryo has not shed the first 362 
teeth in these proximal files and had not reached maturity (see Fig. 363 
6F). These gradually reduce in total tooth number in files to 4 or 3, 364 
and all diminishing in size (Fig. 6E). In all files, tooth six is the 365 
youngest, with only cusp tips mineralized, but teeth in older positions 366 
have all cusps joined and the first four teeth also have cusps joined to 367 
mineralized bases. In the adult lower jaw these proximal files still have 368 
minute teeth but the first tooth is three-cusped (Fig. 6E), on the labial 369 
side of the jaw and was not rudimentary. We segmented and measured 370 
the teeth of these last four files (Fig. 6F) to test whether we could 371 
show size differences that represented ordered, alternate files created 372 
by alternate timing, as in the embryo. The general tooth sizes of the 373 
four measured files (1-4 in Fig. 6F, H) decreases proximally, 374 
nevertheless, the first teeth were smaller in green files relative to the 375 
red files (Fig. 6F, H). We interpret this to result from the alternate 376 
developmental program seen in the embryo, still present in adult 377 
proximal teeth, but this needs to be tested on more suitable material.  378 
Considering the fully formed teeth of the adult lower jaw, distal to 379 
these proximal files (Figs. 6G, Fig. SI 3), each file has similarly-sized 380 
teeth with four teeth fully erupted and locked together as a functional 381 
unit, lingually a fifth tooth has an incomplete base whilst a sixth tooth 382 
is forming as three separate cusps lingual to the completed teeth (Fig. 383 
6G). These developing successional teeth are located on a lingual shelf 384 
on Meckel’s cartilage deep to the oral surface (not in a separate bulla), 385 
older teeth are held in the connective tissue of the skin, as in the 386 
virtual section next to one of the tooth files (Fig. SI 3A). In the 387 
symphysial file and three files either side, tooth size differences 388 
between odd and even number files were inconspicuous (Fig. SI 3C, 389 
histogram). It would seem that any evidence for timing difference 390 
between tooth files seen in the embryos is not present in the adult 391 
dentition, but may be present in the smallest, most proximal tooth 392 
files. 393 
 394 
Hexanchidae: Hexanchus spp. embryo and adult dentitions; 395 
Notorhynchus cepedianus, adult dentitions 396 
A single embryo of Hexanchus was studied, in which the teeth are well 397 
developed, but with those in the first row of the lower jaw only 398 
starting to rotate into a pre-functional position (Fig. 7A, C). Thus, 399 
most teeth have not been lost, as bulk shedding only occurs after the 400 
replacement teeth are in their functional positions (Underwood et al. 401 
2016). The lower teeth are large and distinct, but no obvious 402 
alternation or overlapping of tooth bases can be observed, nor in the 403 
upper jaw (Fig. 7B). 404 
In the embryo, individual replacement teeth in seven adjacent 405 
single files, including the symphyseal file, are obliquely arranged within 406 
disto-proximal rows (Fig. 7C, red lines). Although, tooth size decreases 407 
to the most proximal, seventh tooth file, equivalent individual teeth in 408 
files are approximately equal in size. This oblique, developmental 409 
alignment of teeth in a disto-proximal row has also been recognized in 410 
the Squalomorphii, demonstrated to be as a result of realignment of 411 
teeth to form a single file arrangement, altered from the embryonic 412 
alternate arrangement of the first teeth (Underwood et al. 2016). By 413 
comparison, in Hexanchus, embryonic teeth align as single file and no 414 
detectable alternation of replacement teeth is apparent. This 415 
arrangement is retained in the adult, where teeth are also single file 416 
aligned labio-lingually (e.g., Smith et al. 2013: fig. 4G).  417 
An abrupt change in tooth form and arrangement occurs in the 418 
lower dentition of adult hexanchid genera, where the most proximal 419 
teeth are very reduced in size, and appear to show an irregular but 420 
alternating pattern (Notorhynchus, Fig. 7D). These reduced teeth in 421 
the adult are suggested to be a ‘remnant’ of the ancestral 422 
developmental alternate pattern (as described above for 423 
Chlamydoselachus), but not observed in Hexanchus, where alternate 424 
tooth addition was absent even in the embryo. This suggests that 425 
dental arrangement in the hexanchids is highly plastic, which appears 426 
to be a general feature of Squalomorphii, as discussed below (Fig. 3).   427 
 428 
Galeomorphii 429 
As the sister group to the Squalomorphii, we also considered the 430 
distribution of alternate file versus single file tooth addition for 431 
Galeomorphii, focusing on the Lamniformes (Fig. 3) and one embryo of 432 
Heterodontiformes, but excluding Orectolobiformes and 433 
Carcharhiniformes, both of which have alternate tooth replacement, as 434 
previously described (see Smith et al. 2013).   435 
 436 
Isurus oxyrinchus, embryo (Lamniformes) 437 
The dentition in the embryo of Isurus comprises teeth of adult-like 438 
morphology (Fig. 8A-E) in the oldest and smallest fully mineralized 439 
teeth but none have rotated into a functional position (except two 440 
teeth, see below). Tooth files 1 to 3 are held within a small, distal bulla 441 
next to the jaw symphysis, and more proximal files within a longer 442 
bulla, the two being separated by a space, or diastema (between files 443 
3 and 4, Fig. 8C, E). In the adult of Lamna, (Fig. 8F) the disto-proximal 444 
number of tooth files (1-13) is the same as in the embryo (Fig. 8C-E, 445 
1-13), indicating that the latter is a fully formed, unerupted dentition.  446 
 Despite tooth size varying dramatically along the jaw, size 447 
measurements of the first 5 files either side of the jaw symphysis 448 
(taken as in Squatina) did not show differences between teeth in odd 449 
versus even files (Fig. SI 4).  However, this analysis did indicate the 450 
presence of a developmentally missing file (number 3 on each side). As 451 
mentioned above, alternate timing of tooth development in adjacent 452 
files can also be assessed via the relative position of the oldest teeth 453 
in each file relative to the jaw margin, and the overlap of root base 454 
lobes. This was far less problematic in the upper jaws than lower, in 455 
part due to the more oval cross section of the Meckel’s cartilage 456 
making assessment of tooth proximity to the jaw margin less certain, 457 
hence assessment was made on the upper dentition.  458 
In the upper dentition, the tooth in file 2 is oldest (Fig. 8E, red) as 459 
the only representative of the most labial disto-proximal tooth row, 460 
but without other teeth; evidence of shedding is shown by a tooth of 461 
identical morphology that has become lodged in the branchial region 462 
(Fig. 8A, white circle). The second row of alternating teeth includes 463 
teeth in files 1, 5, 7, 10 and 12 (Fig. 8C-E, yellow). The third tooth 464 
row includes teeth in files 2, 3, 4, 6, 8, 9, 11 and 13. This pattern is 465 
irregular (i.e. teeth in files 3 and 4 and in files 8 and 9 do not alternate 466 
in position), and as such forms a partial single file dentition, because 467 
both alternating tooth replacement and some regions of single file 468 
tooth replacement occur at this stage of development. The most likely 469 
explanation for the highly specific regional lack of alternating files 470 
(corroborating the graphic data, Fig. SI 4A, C) is that files have been 471 
developmentally lost. For example, the diastema between distal and 472 
more proximal teeth could mark the position of one of the missing 473 
tooth files.  474 
 475 
Lamna nasus, adult (Lamniformes)  476 
In the upper dentition in adults of Lamna, tooth files are also held in 477 
proximal and distal bullae, with an intervening diastema (between 3 478 
and 4) even more prominent than in the Isurus embryo. In the upper 479 
jaw, the oldest teeth in files 3 and 4 are at the same position relative 480 
to the jaw margin (Fig. 8F). Whilst the relative positions of the distal 481 
tooth files are not clear, teeth in files 8, and 9, do not appear to 482 
alternate and likewise have their oldest teeth at the same position 483 
relative to the jaw margin and their youngest teeth at the same stage 484 
of development. The teeth within the upper jaw of an adult Lamna 485 
thus resemble the Isurus embryo, alternate file differential in timing, 486 
but small portions of the dentition showing single file replacement due 487 
to regional, probable loss of intervening tooth files (e.g., at the 488 
diastema).  489 
 490 
Alopias pelagicus, adult (Lamniformes) 491 
The upper dentition of adult Alopias pelagicus has the lamniform 492 
arrangement of three tooth files positioned within an anterior bulla, 493 
although this bulla is smaller and less distinct than in Isurus and Lamna. 494 
In Alopias, tooth files show an alternate pattern of eruption times, or 495 
tooth bases, relative to the jaw margin (Fig. 8G, H, files 1 and 3, and 2 496 
and 4). Also, the oldest teeth in files 5 and 7 (Fig. 8H, 4 and 6, and 5 497 
and 7) are in the same position relative to the jaw margin, as evidence 498 
of alternate timing events.  499 
 500 
Heterodontus sp. (Heterodontiformes) 501 
In a late stage embryo (labial view, Fig. 9A), teeth have rolled over the 502 
jaw margin, with the symphyseal tooth and one tooth present from file 503 
2 in the initial row, with these being the earliest to form. Here 504 
arrangement is alternate (Fig. 9A) but file two on the right jaw may 505 
have shed a tooth, consistent with tooth shedding in the earliest 506 
embryos, as described previously (Reif 1976: fig. 8F). Teeth with 507 
cusped morphology in distal files have a bilateral symmetry (as in 508 
symphyseal teeth) and alternate in their position with respect to the 509 
jaw margin, as do the more proximal molariform teeth with broad bases 510 
and low cusps (tooth positions 7-9), in the less curved part of the jaw 511 
(Fig. 9B-D). New teeth are added proximally to molariform teeth at jaw 512 
position 10, as a large open base to the developing but narrow crown 513 
(Fig. 9E, arrows). In the adult (Smith et al. 2013: fig. 3A, B), the close 514 
packing of both tooth morphologies seems to present as ‘single file’ 515 
but in the embryo the molariform teeth are slightly staggered in each 516 
file, to accommodate wide teeth formed in an alternate pattern.  517 
 518 
Fossil taxa  519 
Synechodus (Synechodontiformes) 520 
The fossil shark genus Synechodus is generally considered to be part 521 
of a monophyletic clade of neoselachians (Synechodontiformes; Klug 522 
2010), although this is not universally accepted (e.g. Maisey 1985). 523 
Whilst most specimens of Synechodus and other Synechodontiformes 524 
comprise isolated teeth, several skulls and well-preserved skeletons are 525 
known (Maisey 1985). Within these, however, dentitions are commonly 526 
poorly exposed or partly disarticulated. In contrast, a dentition from 527 
the Late Cretaceous of SE England (Fig. 10A-I) comprises an 528 
articulated suite of teeth with no jaw cartilages preserved. This shows 529 
a high degree of heterodonty (examples as isolated teeth, Fig. 10J-L) 530 
with erect and cuspate teeth distally (Fig. 10D, G-I) and wide low 531 
cusped teeth in more proximal positions (Fig. 10A-C, E, F, L), but all 532 
are arranged with bases and crowns in close packed, alternate 533 
arrangement. At the symphysis (Fig. 10D, H) two files of relatively 534 
small, close packed parasymphyseal teeth clearly alternate in their 535 
positions, labio-lingually. This alternate packing of in situ teeth in all 536 
positions of this fossil specimen indicates that the dentition derives 537 
from an alternating tooth addition pattern at their initiation.  538 
 539 
Acrodus (Hybodontoidea) 540 
The extinct Hybodontoidea are a clade forming a sister group to 541 
Neoselachii (Maisey 1987; Lane 2010; Fig. 3). Observations were made 542 
on an exceptionally well-preserved dentition of Acrodus from the Early 543 
Jurassic of southern England (Fig. 10M, N). This specimen preserves an 544 
entire dentition but, as with the Synechodus specimen, no jaw 545 
cartilages are preserved. CT-renders revealed some additional teeth 546 
(unprepared from the fossil matrix) on the labial margin of the 547 
dentition and in the process of shedding. It also showed the presence 548 
of pyrite, an iron sulphide that forms early in the fossilization process, 549 
between the teeth, suggesting that teeth have not shifted relative to 550 
each other postmortem. The exposed biting surface of the dentition 551 
reveals wide, low teeth on either side of a file of smaller teeth at the 552 
jaw symphysis. The extended tooth bases in adjacent files overlap, 553 
demonstrating an alternate pattern of replacement teeth. Observations 554 
of other hybodont sharks such as Asteracanthus (Rees and Underwood 555 
2006) show that a similar alternating pattern was present across the 556 
clade. 557 
 558 
Discussion 559 
The aims of our study were focused on the spatio-temporal order of 560 
initiation of replacement teeth in the Neoselachii. The relative timing of 561 
successive teeth in the files was determined from observations and 562 
measurements of relative size differences of teeth, compared both 563 
within and between adjacent tooth files, in adults and embryos 564 
wherever possible.  565 
Focusing on embryos of the Angel shark Squatina (SI Figs. 1, 2), 566 
we have proposed a model for all neoselachians (i.e. iterative sequence 567 
of tooth addition), from a structural pattern of the dentition that we 568 
interpret as timed developmental differences based on a clonal 569 
generative unit (SAT tf unit) that comprises two adjacent tooth files 570 
(Fig. 2).  This developmental model with alternate timing and 571 
sequential spatial arrangement explains the development of the 572 
alternate tooth pattern (Smith 2003; Smith et al. 2013). It is 573 
proposed that the alternate pattern of tooth addition (based on Reif’s 574 
observations (1978): Fig. 2) is plesiomorphic for the Neoselachii (Fig. 575 
3); as a phylogenetically basal neoselachian developmental pattern 576 
that operates in the first stages of the embryonic dentition, it results 577 
in alternately timed eruption and shedding. We examined specific taxa 578 
in the Squalomorphii and Galeomorphii, to see how this model may be 579 
altered during development to arrange teeth as a single file tooth 580 
pattern in adults, including simultaneous eruption into a cutting blade 581 
(Underwood et al., 2016).   582 
In Squatina (Squalomorphii), we have demonstrated that the 583 
earliest dentition shows alternate timing (clonal SAT units, Figs. 4, 5) 584 
and although tooth size differences are not apparent in the adult 585 
(suggesting a shift to a single file pattern), an alternate arrangement 586 
appears to be retained in the young adult indicated by their positions 587 
at the proximal jaw margins (Fig. SI 2C, D). Although well-separated 588 
single files are present in the adult of Chlamydoselachus, similarly 589 
rudimentary proximal tooth files in the adult retain an alternate 590 
arrangement (Fig. 6F, H), but we have only scarce data to show that 591 
embryos exhibit alternate tooth addition, in their early development. A 592 
better understanding of how tooth addition timing changed from 593 
embryo to adult in these taxa requires gene expression data, including 594 
how co-ordination and alignment of tooth files between upper and 595 
lower jaws is programmed. 596 
The Hexanchidae, closely related to Chlamydoselachus (Fig. 3), 597 
have a unique and highly distinctive dentition, with tooth morphology 598 
very different from that of Chlamydoselachus and Squatina. The lower 599 
teeth of adult Hexanchidae are arranged in a single file order, as in the 600 
embryo of Hexanchus, but each tooth is wide and abuts the next so 601 
together they form a ‘saw blade’ at the jaw margin (see Smith and 602 
Johanson 2015: fig. 1.7), as in other Squaliformes (Underwood et al. 603 
2016). But unlike the Squaliformes and Squatina (Fig. 3), this 604 
arrangement does not appear to derive from an alternate arrangement 605 
in the embryo in Hexanchus, However, in hexanchid adults such as 606 
Notorhynchus, the most proximal rudimentary teeth do retain a 607 
developmental alternate arrangement (Fig. 7D: as in the adults of 608 
Squatina and Chlamydoselachus), as evidence of an underlying, 609 
persistent inherited alternate tooth order.  610 
The mode of tooth replacement in the Lamniformes, a very 611 
specialized group of sharks including both macropredators and 612 
planktivores with diverse dentitions reflecting their differing trophic 613 
roles, has been uncertain (SI movies; Smith et al. 2013) due to the 614 
widely spaced tooth files and high degree of curvature of the jaw 615 
cartilages towards the symphysis. They are unique in that the dentition 616 
of some species is functional long before birth, and used during 617 
intrauterine oophagy and cannibalism, so that earliest stages of the 618 
tooth order are uncertain (e.g. Shimada 2002; Tomita et al. 2017). In 619 
predatory lamniforms the upper dentition is distinctive (Fig. 8F), with 620 
tooth files originating in deep proximal and distal bulla, the latter 621 
comprising a suite of typically three files. Between these is a raised 622 
cartilage bar, which developmentally may relate to a diastema formed 623 
by the loss of tooth files (in the Lamniformes), or have one or more 624 
files of very reduced teeth (Mitsukurina, Carcharias), varying between 625 
individuals or between the jaws of the same individual.  626 
We noted that the development of teeth within lamniforms is a 627 
two-stage process, and only the second phase of tooth growth is 628 
addressed here. Embryos develop an early suite of teeth (Shimada 629 
2002; Tomita et al. 2017) that is shed prior to the eruption of the 630 
adult-type teeth (Fig. 8A, white circle). Although the tooth 631 
arrangement in the first dental set is as yet unclear (in part due to the 632 
rarity of these embryos) we have shown that the tooth size differs in 633 
adjacent flies and therefore has an alternate timing of tooth addition 634 
(Figs. 8, SI 4). Overall, Isurus and other Lamniformes show an alternate 635 
pattern that is modified in early development through loss of tooth 636 
files, near the diastema in the upper jaw and elsewhere, resulting in 637 
portions of the jaw possessing single file tooth replacement (Fig. 3, 638 
state 2). 639 
 640 
Phylogenetic relationships   641 
Recent molecular phylogenies of extant sharks support the sister 642 
group relationship between the major clades Squalomorphii and 643 
Galeomorphii, with these forming a sister group to the Batoidea (e.g., 644 
Velez-Zuazo and Agnarsson 2011; Fig. 3). Phylogenetically, 645 
Synechodus has been resolved as a sister taxon to extant sharks and 646 
rays (Klug et al. 2009; Klug 2010), but also assigned to the 647 
Galeomorphii (Maisey 2012; Fig. 3). Although teeth of Synechodus are 648 
organized in close packed files (central cusp labio-lingually aligned), the 649 
tooth bases overlap, reflecting alternate tooth initiation and eruption. 650 
An alternate replacement was also demonstrated for the hybodont 651 
Acrodus (Hybodontoidea, also resolved as being a sister taxon to 652 
extant sharks and rays; Fig. 3). Clearly defined alternate tooth 653 
replacement patterns are also present in embryos and adults of both 654 
the Galeomorphii (Smith et al. 2013) and Squalomorphii (e.g. 655 
Pristiophoridae; Underwood et al. 2016). Along with this, dentitions in 656 
the batoids show alternate tooth addition, both within the embryo and 657 
adult (Underwood et al. 2015; Fig. 3). These observations suggest 658 
that the alternate pattern of tooth addition is plesiomorphic for the 659 
Neoselachii as a whole.  660 
Single file tooth replacement in certain dentitions of Squaliformes 661 
has been recognized as a derived modification of this alternate pattern 662 
during development (Underwood et al. 2016; Fig. 3, state 3). Squatina 663 
and Chlamydoselachus show separate tooth files in the adult but retain 664 
an alternate pattern of tooth addition, at least proximally (Fig. 3, state 665 
3). Separation of tooth files may have resulted from a fixed number of 666 
tooth files (new files not added proximally) combined with jaw growth, 667 
or from tooth file loss, nevertheless these taxa show a markedly 668 
different mechanism than that suggested in the Squaliformes 669 
(Underwood et al. 2016).  670 
By comparison, in the Hexanchidae, single file tooth replacement 671 
is present in both the embryo and adult of Hexanchus, although 672 
remnants of an alternate dentition are preserved in files of reduced 673 
teeth in adult hexanchids like Notorhynchus. Isurus and other 674 
Lamniformes show a different developmental pattern for replacement, 675 
involving modification through loss of whole tooth files near the 676 
diastema, resulting in single file tooth replacement limited to this 677 
region (e.g., previously alternate files at the same developmental stage 678 
are now adjacent to one another).  679 
These modified patterns are uncommon in the neoselachians, 680 
representing a derived state acquired from the embryonic alternate 681 
dentition, but by different mechanisms; in the Lamniformes by loss of 682 
tooth files (Fig. 3, state 2) and within squalomorph clades by 683 
independent modification of the alternate differential timing along the 684 
jaw (Fig. 3, state 3; see also Strasburg (1963) for dentition 685 
modification from an alternate tooth arrangement). These taxa appear 686 
to have developmental plasticity sufficient to allow the formation of 687 
single file tooth replacement by re-ordering of tooth production from 688 
an embryonic pattern of sequential, alternate timing of tooth initiation. 689 
Heterodontiformes, as the most basal taxon in the Galeomorphii, 690 
exhibit distinct alternate arrangement in the embryo, and retention in 691 
the adult (Fig. 9).  692 
 693 
Conclusions  694 
This study has investigated the initial development of tooth 695 
replacement patterns in a number of shark taxa, where successional 696 
tooth order was previously poorly understood. We speculate that a 697 
change in timing of replacement tooth addition, or loss of tooth files, 698 
resulted in the shift from embryonic to adult dentitions and loss of the 699 
alternate pattern in some taxa. These changes allowed teeth to 700 
emerge simultaneously at the jaw margin, forming a continuous cutting 701 
edge as an adaptation to a specific feeding mode, or functionally 702 
driven adaptation. 703 
In addition, we studied tooth replacement series in adults of two 704 
extinct species of sharks, representing sister taxa to extant groups. 705 
We mapped characters onto a recent phylogeny based on 706 
transformation, or retention, of a developmental process (interpreted 707 
for fossil species) into ‘single file’ or ‘alternate file’ ordering of 708 
replacement teeth in the adult. In this way we predict the basal 709 
(alternate) and derived (single file) phylogenetic states and suggest 710 
how this evolved through ‘tinkering’ with developmental mechanisms 711 
but by differing methods in the Squalomorphii, and the Galeomorphii.  712 
Thus, the combination of fossil and extant phylogenetic data 713 
suggests that the alternate tooth pattern is plesiomorphic for the 714 
Neoselachii, with modification in adult sharks, but achieved differently 715 
in the two major clades. Squalomorphs modified an embryonic 716 
alternate tooth replacement pattern in various ways to generate a 717 
single file pattern in the adult, but by loss of tooth files in the 718 
galeomorphs. We postulate that these groups have the developmental 719 
plasticity to allow the formation of single file tooth replacement via the 720 
re-ordering of tooth production. This was not a substantial mechanism 721 
within the Neoselachii, which otherwise were dominated by alternate 722 
patterning of the dentition.  723 
Hence, we propose a developmental-evolutionary model from the 724 
alternate pattern to achieve a single file alignment of replacement 725 
teeth, one with coequal eruption times at the functional edge of the 726 
jaws.  727 
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 846 
FIGURE LEGENDS 847 
 848 
Fig. 1. Adult and embryonic jaws with tooth arrangement at the 849 
jaw margin  850 
Single file (A) versus alternate dentitions (B, C), with (D) unknown timed 851 
order in embryo.  (A) Scymnodon ringens (Knifetooth dogfish), lower jaw in 852 
labial view with single, symmetrical tooth across the jaw symphysis (S). (B) 853 
Prionace glauca (Blue shark), upper jaw in lingual view with replacement row 854 
teeth including symmetrical symphysial tooth, other teeth are polarised left-855 
right (modified from Smith et al., 2013, figs. 1B, 5C; photos Tom Diekwisch). 856 
(C) Triaenodon obesus (White tip reef shark) adult dentition with alternate 857 
dentition, reduced symphyseal teeth. (D) Carcharhinus leucas (Blacktip shark) 858 
embryonic lower jaw (lingual epithelium removed, tissues stained) with tooth 859 
files central cusp aligned but all successor teeth appear in single file 860 
arrangement from rudimentary cusp of first tooth (volumetric data not 861 
available) with space for attachment bases to increase in size (from Smith, 862 
2003: fig. 9A; Smith et al. 2013: fig 4D). Scale bars= 1.0cm. 863 
 864 
Fig. 2. Developmental model of dentition in alternate fi le order in 865 
Grey reef sharks Carcharhinidae, single cusp teeth are first initiated along 866 
the jaw, formed as mineralized tissue in embryos with one tooth row 867 
(stage1), then two rows (stage 2), later in development nine tooth rows 868 
(stage 9). Jaw positions (distal to proximal) numbered 1-12 from the 869 
symphysial tooth (S), first as even number positions, then odd in the second 870 
row. Smallest teeth (black, stage 1) then larger alternate teeth with polarised 871 
shape (grey, stage 2), later larger teeth with lateral cusps form by row 3 872 
(Smith et al., 2013, fig. 2). Sequential tooth initiation in a clonal set (arrows, 873 
direction of timing for teeth, 1-9) shows the alternate timing of tooth 874 
initiation order in adjacent tooth files 6 & 7 (SAT unit tf 6+7), with the next 875 
putative tooth germ (pg) to form in odd number row position. An example as 876 
if it was a single file sequential addition model is superimposed on this 877 
alternate model at file position 2 (sat tf 2; Smith et al. 2013: fig. 2; modified 878 
from Reif, 1978). 879 
 880 
Fig. 3. Neoselachian phylogeny with character state distribution  881 
Alternate and single tooth file replacement in embryos and adults, with these 882 
character states plotted on a recent phylogeny (Naylor et al. 2012). The 883 
basal position and monophyly of the Synechodontiformes, including 884 
Synechodus, follows Klug (2010). All neoselachians, as well as the 885 
Hybodontoidea, show alternate tooth replacement in some part of their 886 
dentition in the embryo, even if this is not retained in the adult (state 1). 887 
Within the Lamniformes (Galeomorphii) some tooth files are lost to produce 888 
the appearance of single file tooth addition, found in only certain parts of the 889 
jaw, reflecting irregular tooth file loss (state 2). Within the Squalomorphii, the 890 
single file tooth replacement pattern is developed from secondary 891 
modification of an alternate pattern (state 3). Within Chlamydoselachus an 892 
alternate pattern may be present in the embryo but not in the adult (except 893 
proximally); the majority of the dentition shows a single file arrangement. In 894 
Hexanchus (Hexanchidae), single file addition is present in early development 895 
and retained in the adult, while in other adult hexanchids (e.g., Notorhychus) 896 
the alternate pattern is only retained in proximal rudimentary teeth. In 897 
Squatina an alternate pattern is present in the embryo, while the adult 898 
dentition possesses a single file arrangement but has retained alternate 899 
addition in proximal tooth files. In these three taxa state 3 (single file) may 900 
be related to a fixed number of tooth files and independent jaw growth, and 901 
in Squatina allows interdigitation of upper with lower jaw teeth.  902 
 903 
Fig. 4. Schematic drawing of timed developmental order of first 904 
dentition teeth 905 
Left lower jaw of Squatina californica embryo (BMNH91.5.19.240), teeth in 906 
apparent single file arrangement (from xCT render, Fig. 5) with odd (green) 907 
and even number (purple) tooth files and symphyseal tooth (red); timing 908 
order of clonal units shows successional tooth initiation (1-8) between first 909 
two adjacent files (based on size and morphology of files t1-7, and t2-8 in, 910 
Fig. 5A-E). Teeth at the labial jaw margins are rudimentary, first to form on 911 
the jaw cartilage at the even numbered jaw positions and closer to eruption 912 
and shedding. Newest lingual tooth (8) is smallest in odd numbers, 913 
representing mineralised central cusp tip. Arrows indicate labio-lingual tooth 914 
addition and disto-proximal tooth file addition. 915 
 916 
Fig. 5. Spaced tooth fi les in lower jaw of Squatina californica 917 
embryo  918 
BMNH 91.5.19.240, comparison of micro-CT 3D renders using VGStudio Max 919 
(B, D, E) and Avizo (A, C, F). (A) Labial view of right jaw, alternate position of 920 
rudimentary teeth at the jaw margin (pink), nearest are even number 921 
positions, white box indicates field in B, D. Labial view from symphysis (B, E) 922 
and lingual view (D), indicate developmental series of replacement teeth in 923 
time series from 1-8 (D). (B) First file (t2-8) and second (t1-7), at even 924 
tooth positions (t1-7) is first rudimentary tooth, at odd position (t2-8) are 925 
youngest (asterix, 8). (C) Oblique anterior view shows left jaw with alternate 926 
positions of shedding teeth (pink), right jaw central cusp aligned file (short 927 
pink line), alternate file cusps aligned (long pink line). (D) Tooth files 1, 2 as 928 
in B, E with sequence of initiation time order t1-8, tooth tip 8 the latest to 929 
form (see fig. 4). (E) Symphyseal region, labial view of tooth files in B, D, 930 
symphyseal tooth at jaw margin (red), newest tooth in replacement series of 931 
file 1 (asterix, 8 in D). (F) First four files segmented as alternate odd (red), 932 
even positions (green), from symphyseal tooth (sy t), volume of central 933 
cusps measured. (G) Colour profiles of first four teeth shown in each file in 934 
histogram, darkest is first in file (I). (H) Histogram showing relative sizes of 935 
individual teeth in rows (labio-lingual) first row smallest. (I) Histogram shows 936 
relative heights of each tooth in each alternate file, first is smallest in even 937 
numbers (colours as in (G)).  Scale bars =5mm (B, C, F). 938 
 939 
Fig. 6. Single fi le dentition of embryo and adult of 940 
Chlamydoselachus angineus  941 
(A) Micro-CT scan through dissected sympyhseal segment of the embryo 942 
lower jaw dentition, tissue contrast enhanced with phosphotungstic acid. 943 
Symphyseal file with three tooth files either side, each with 5 tooth germs, 944 
separately encapsulated in connective tissue, the last has three developing 945 
cusps as in adult teeth (G). (B) Two views, lower jaw region across the 946 
symphysis of alcohol dried, younger embryo, isosurface render of three tooth 947 
files, symphyseal with smallest, single cusp, nearest of the three files to labial 948 
margin as first tooth formed, tooth files left and right also have single cusp 949 
first, but larger than the first symphyseal, second teeth (in all three) are 950 
larger single cusps and two small lateral cusps. (C D, E) Photomicrographs of 951 
cleared and stained embryos (Alcian Blue, Alizarin Red); (C) Upper jaw 952 
symphysis lacking symphyseal tooth file, first file (left) has small rudimentary 953 
first tooth of one cusp, second with 2 cusps, third with 3 cusps, with base 954 
outlined, fourth with 3 large cusps not joined at base; (D) Files 2 and 3 of 955 
lower jaw may show smallest first tooth in even number files (asterix), and in 956 
same file the fourth tooth has developing central cusps (arrow), larger than 957 
in adjacent file. (E) Juvenile, proximal eight files, reducing tooth numbers 958 
proximally, first teeth in all files rudimentary, increasing overall size distally. 959 
(F, G) Rendered and segmented adult lower jaw (BMNH2016.4.11.1) (F) 960 
Lingual view, smallest, but most proximal ordered tooth files (1-4 used for 961 
volume meacurements, (H) Contrast seen with small cluster of oro-962 
pharyngeal denticles lacking organisation and demal denticles, top, (see (G), 963 
and Fig. SI 3B). (G) Lingual view, four more distal files in which all teeth are 964 
above the jaw cartilage (no separate bullae), only loosely held in connective 965 
tissue (see Fig. SI 3A). (H) histograms of most proximal tooth files (coloured 966 
inset; files 1-4 in (F)); labial tooth is darkest colour in each set), insignificant 967 
size differences seen between first tooth in green files relative to red. Scale 968 
bars (A)= 3 mm. 969 
 970 
Fig. 7. Single fi le dentition of embryo of Hexanchus  971 
(A-C) Hexanchus ?nakamurai (BMNH1973.7.12.4-6), micro-CT renders of late 972 
stage embryo, upper and lower jaws. (A) Lower jaw dentition labial view, 973 
compared with (B) upper jaw dentition. (C) Lower right, lingual view (of A), 974 
three teeth in each file (file 7 has 2), teeth are aligned in a single file 975 
replacement pattern, but within each file they are arranged at an oblique 976 
angle relative to the jaw margin (red line). (D) Proximal teeth of adult 977 
Notorynchus cepedianus, adult lower dentition, adjacent to last tooth of 978 
typical bladelike morphology, tiny rudimentary teeth showing and alternate 979 
arrangement. Scale bar A, B = 5mm, C = 2.5mm. D, Scale bar= 10mm. 980 
 981 
Fig. 8. Single fi le embryonic dentitions of Isurus, adult Lamna and 982 
Alopias (Lamniformes)  983 
(A-E) Isurus oxyrinchus late stage embryo (BMNH1961.11.2.3), 3D-rendered 984 
micro-CT images. (A) Braincase, jaws, anterior vertebral column, lateral view. 985 
Developing teeth are visible in single file organisation and a loose tooth 986 
(upper right, white circle) in the gill region demonstrates that teeth are being 987 
shed at this stage. (B) Upper jaw region, internal view, partially erupted 988 
teeth, red. Tooth loss is confirmed by comparison between the fully erupted 989 
second tooth (black arrow), with a gap in the corresponding position on the 990 
right (black asterisk). (C) Left upper dentition, oldest teeth in adjacent files 991 
are at different positions relative to the jaw margin (see colour scheme, (E)). 992 
(D) Upper jaw, tooth rows in oblique lateral view, note the youngest teeth are 993 
in alternate even numbered files. (E) Upper left dentition with the oldest 994 
teeth colour coded to show their relative timing of development (see above). 995 
The tooth in file 2 is most developed (red) and probably oldest (relates to 996 
adjacent odd number files being the younger of each alternate pair, as in 997 
alternate model). Yellow teeth represent the next oldest with blue teeth 998 
being younger. Note the lack of alternation between files 3-4 (diastema) and 999 
8-9 as presumed missing files. (F) Lamna nasus adult, upper dentition, 1000 
diastema between 3-4. Teeth in most adjacent files alternate, but this is not 1001 
seen in files 8-9. (G, H) Alopias pelagicus, macrophotos of adult, upper 1002 
dentition, (G) Right upper dentition showing the typical lamniform 1003 
arrangement of three teeth within an anterior bulla. (H) Part of the left upper 1004 
jaw of the same individual; extra tooth file present in position 3. Scale bars = 1005 
10 mm.  1006 
 1007 
Fig 9 . Heterodontus sp. late stage embryo, 3D-rendered micro-CT 1008 
images. (A) Lower dentition, labial view, file 2 of the right jaw shows a lost 1009 
tooth (black arrow) from same row as symphyseal tooth (S). (B) Lingual 1010 
view. (C) Left jaw, lingual view showing high-cusped distal teeth (jaw 1011 
positions 1-6) and molariform teeth (jaw positions 1-9)), all in alternate 1012 
arrangement. (D) Closeup of lower jaw, lingual view, tooth files showing 1013 
alternate pattern, both sides of symphyseal tooth file. (E) Lower jaw, oblique 1014 
lingual view, latest tooth position (10) with tooth germs added proximally 1015 
(white arrows). Scale bars, A, C-E= 5mm, B= 1cm. 1016 
 1017 
Fig. 10. Articulated dentition of Synechodus dubrisiensis 1018 
(Cretaceous, Chalk) 1019 
(A-I, BSB008523, Booth Museum, Brighton) A, E, H, macrophotos, B-D, F, G, 1020 
I, 3D rendered micro-CT images. (A) Occlusal view, teeth are articulated as in 1021 
situ but no cartilages are preserved. (B) Rock surrounding tooth files 1022 
removed virtually. (C) Oblique lingual view showing the general arrangement 1023 
of the teeth. (D) Detail of the symphyseal region showing alternating small 1024 
teeth. (E) Lingual view, wide, low crown shape and alternating arrangement. 1025 
(F) Same region, with pseudocoloured crowns to show close packed 1026 
alternating pattern of adjacent files. (G) Teeth with high cusps (as in H-K) 1027 
close to the symphysis show an alternating pattern of adjacent files contra 1028 
those more proximally. (H) Symphyseal region with alternation of 1029 
parasymphyseal teeth and large teeth on adjacent files. (I) Oblique view of 1030 
the dentition, showing that several tooth rows would have been 1031 
simultaneously functional. Scale bars, A-C, I = 10mm, D-H = 5mm. (J-L) 1032 
Synechodus dubrisiensis isolated teeth (Early Cretaceous, Underwood 1999: 1033 
pl. 1.1, 1.4, 1.5), SEM images, demonstrating the high degree of 1034 
heterodonty. (J) Symphyseal tooth, (K) High cusped anterior tooth, (L) Low 1035 
crowned posterior tooth. Scale bars = 1mm. (M, N) Acrodus anningae 1036 
(NHMUK PV P2732), articulated dentition, as prepared (M) compared with 1037 
segmented micro-CT image with rock removed virtually showing new teeth 1038 
lingually (N). Pyrite is indicated in yellow. Note the alternating pattern of the 1039 
tooth bases. 1040 
 1041 
Supplementary Information 1042 
Fig. SI 1 Single fi le dentition in occlusion in late stage embryo of 1043 
Squatina californica  1044 
(A-D) 3D rendered micro-CT images. (A) Occluded jaws, anterior view. (B) 1045 
Meckel’s cartilages and lower teeth (green), occlusal view, overlain by 1046 
palatoquadrate and upper teeth (red), showing how upper and lower tooth 1047 
files alternate in position along the jaw in occlusion. (C) Right palatoquadrate 1048 
and upper teeth (blue), occlusal view, overlain by Meckel’s cartilage and lower 1049 
teeth (red). (D) Right palatoquadrate and upper teeth (blue), and Meckel’s 1050 
cartilage and lower teeth (red), lateral view. Scale bars, A= 1cm, B= 3cm. 1051 
 1052 
Fig. SI 2 Single fi le dentition of Squatina guggenheim small adult . 1053 
(A-D) 3D-rendered micro-CT images. (A) Dried skull, labial cartilages 1054 
removed, dorsal view of lower jaw view, Scale bar = 50mm. (B) Left upper 1055 
dentition with alternate tooth files red and green, central cusp aligned, lingual 1056 
view. Scale bar = 10mm. (C, D) Lower dentition, (D) from field in box (C), 1057 
proximal teeth show alternate positions at the jaw margin (white arrows). (E) 1058 
Symphyseal region of the lower tooth files 1-4, odd (red), even (green), 1059 
dorsal view. (F) Histograms of relative cusp heights of the four tooth files on 1060 
either side of the symphysis, (as in (E), darker colours oldest tooth). There is 1061 
little significant height differences between first teeth of the odd and even 1062 
files, although file 4 is overall smaller.  1063 
 1064 
Fig. SI 3 Single fi le dentition of Chlamydoselachus anguineus , adult 1065 
(A-B) 3D-rendered micro-CT images. (A) Lower jaw, developing tooth files on 1066 
Meckel’s cartilage in slight lingual furrow where tooth germs are forming, with 1067 
virtual section of a tooth file in profile, functional teeth rolling over the jaw 1068 
margin, held in soft tissue. (B) Oblique lateral view of Meckel’s cartilages, 1069 
teeth as spaced single files, up to five functional at the same time, skin 1070 
denticles very small labially. Scale bars, A, B =10 mm. (C) Histograms of 1071 
three files left and right side of symphysis (blue), as depicted in inset, as 1072 
sizes of 5-7 teeth in each file, darkest shade represents first teeth in file; 1073 
these being of even size. 1074 
 1075 
Fig. SI 4 Dentition of lower jaw of Isurus embryo. 1076 
(BMNH1961.11.2.3) (A) Histogram showing relative tooth volume (mm3) of 1077 
each stage tooth in each alternate file. First five files depicted as alternate 1078 
odd (red), even positions (green); darker shades representing the oldest, 1079 
lightest shades the youngest. (B) Lower jaw, lingual view (Micro-CT 3D 1080 
render, Avizo). Tooth files showing relative volume of the first five files, using 1081 
eight equal bin sizes starting with the smallest, 0-0.444 mm3 (dark blue) to 1082 
the largest, 3.115-3.56 mm3 (white). (C) Line graph showing relative tooth 1083 
volume (mm3) of each tooth row; Row 1 being the oldest and Row 4 with 1084 
newly forming developing teeth. Scale bar =10mm (B). 1085 
 1086 
Fig. SI 5 Adult Lamna nasus (BMNH2015.3.13 1-3), movie generated 1087 
from 3D rendered micro-CT scan. Partial dissection of the tissues away 1088 
from the whole dentition demonstrates alignment of teeth at the jaw margin 1089 
and all files of replacement teeth.  1090 
 1091 
Fig SI 6 Adult Lamna nasus (BMNH2015.3.13 1-3), movie generated 1092 
from 3D rendered micro-CT scan, showing teeth organized in a whorl. 1093 
 1094 














